NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Government  thereby  incurs  no  responsibility,  nor  any 
obligation  -vdiatsoeverj  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  emy  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  ri^ts 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


“OJ 

1> 


§WATERTOWN 


ARSENAL  LABORATORIES 


DYNAMIC  ANALYSIS  OF  VIGILANTE  TOWED  CARRIAGE 
SUSPENSION  SYSTEM 


TECHNICAL  REPORT  WAL  TR  860/ lU 


ONS  CODE  8iUO.I2.<l02M.M 
LI«NT  AA  VEATON  SYSTEM 

•/A  StMECT  WIOWtT 


WATERTOWN  ARSENAL 
WTIVrOWM  72,  NASS. 


WAL  TR  800/ IN 


The  findings  In  this  report  are  not  to  be  construed  ss  i|n  official 
Departswnt  of  the  Arny  position. 

ASTIA  AVAIUBiUn  NOTICE 

Qualified  requesters  may  obtain  copies  of  this  report  froe  ASTIA 


D13P061TICW  IM8THDCTI0WS 


Destroy;  do  sot  retira 


Mechaaics,  vibration 
Dynamics 

Vigilante  suspension 
system 


DYNAMIC  ANALYSIS  OF  VIGILANTE  TOWED  CARRIAGE 
SUSPENSION  SYSTEM 


Technical  Report  WAL  IR  850/14 


By 

Kenneth  D.  Robertson 


Date  of  Issue  -  January  1963 


OMS  Code  5520.12.402A0.03 
Light  AA  Weapon  System 

D/A  Project  50104087 


WATEBTOWl  ARSENAL 
WATERTOWN  72,  MASS. 


WATERTOWN  ARSENAL  LABORATORIES 


TITLE 

DYNAMIC  ANALYSIS  OF  VIGILANTE  TOWED  CARRIAGE 
SUSPENSION  SYSTEM 

ABSTRACT 

The  suspension  system  of  the  Vigilante  X-2  towed  gun  carriage  was 
analyzed  theoretically  and  tested  experimentally.  A  prediction  equation 
for  the  maximum  acceleration  transmitted  through  the  suspension  system 
to  the  carriage  proper  is  developed  and  the  coefficients  and  exponents 
of  the  prediction  equation  are  evaluated  by  use  of  a  quarter-scale  model. 


KENNETH  D.  ROBERTSON 
Engineer 


APPROVED: 


F.  SULLIVAN 
Dlirector 

itertown  Arsenal  Laboratories 


CONTENTS 


Page 

ABSTRACT 

NOMENCLATURE .  iii 

OBJECT  .  3 

BACKGROUND  INFORMATION  .  3 

GENERAL  CHARACTERISTICS  OF  THE  SUSPENSION  SYSTEM  .  3 

TEST  SETUP .  5 

INSTRUMENTATION  .  5 

MODEL  ANALYSIS .  5 

PREDICTION  EQUATION  .  6 

TESTS  AND  TEST  PROCEDURE .  10 

COMPUTATIONS  AND  TEST  RESULTS .  10 

CONCLUSIONS .  11 

ILLUSTRATIONS .  12 

APPENDIX  A . Ik 


APPENDIX  B 


18 
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g 

So 

k 

Ao 

K 

t 

m 

P 

V 

'P 

^a,  b, c, etc. 
Ca 

yi 

*3 

V 


Mass 

Length  of  wheel  arm 

Length  of  carriage  between  front  wheel  and  rear  wheel  arm 
Distance  of  accelerometer  from  front  wheel.  See  Figure  A-1 
Distances  of  masses  l,2,3...i  from  front  wheel.  See  Figure  A-1 
Weight  of  carriage 

Inertia  of  carriage  about  front  wheel 
Acceleration  of  gravity 

Relative  velocity  of  carriage  with  respect  to  ground 

Wave  length  of  ground  profile 

Wave  amplitude  of  ground  profile 

Spring  constant 

Time 

Subscript  denoting  model  quantities 
Subscript  denoting  prototype  quantities 

Angle  between  carriage  frame  and  horizontal  plane.  See 
Figure  A-1 

Angle  between  wheel  arm  and  horizontal  plane.  See  Figure  A-1 

Angle  between  tangent  to  ground  profile  and  horizontal  plane. 
See  Figure  A-1 

Exponents  of  prediction  equation 
Coefficient  of  prediction  equation 
Horizontal  displacement  of  point  1,  Figure  A-1 

Vertical  displacement  of  point  1,  Figure  A-1 
Horizontal  displacement  of  point  3,  Figure  A-1 
Film  speed 

I 

Normal  force  on  wheels 
Wave  length  of  trace  on  film 
Torque  about  point  i 
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OBJECT 


The  object  of  this  investigation  was  to  determine  the  acceleration 
transmitted  to  the  Vigilante  X-2  towed  gun  carriage  through  the  suspension 
system  when  the  wheels  of  the  carriage  were  subjected  to  a  forced  displace¬ 
ment  similar  to  tnat  encountered  in  cross-country  travel.  A  secondary  ob¬ 
jective  was  to.  study  the  role  of  the  rear  suspension  system  in  limiting  the 
acceleration  transmitted. 


BACKGROUND  INFORMATION 

The  Vigilante  X-2  towed  gun  carriage,  subsequently  designated  as 
Vigilante  gun  carriage  or  simply  gun  carriage,  and  its  associated  equipment 
have  been  designed  to  withstand  dynaimic  loads  up  to  four  times  the  accelera¬ 
tion  of  gravity.  Any  dynamic  loads  in  excess  of  this  amount  may  cause 
damage  to  the  gun  carriage  or  its  associated  equipment. 

During  cross-country  travel  the  gun  carriage  will  be  subjected  to 
dynamic  loads  due  to  the  forced  displacement  of  the  wheels  caused  by  the 
uneven  ground  profile.  The  wheels  will  experience  a  displacement  equal  to 
the  amplitude  of  the  ground  profile.  The  resultant  displacement  and  accel¬ 
eration  of  the  gun  carriage  will  be  determined  by  the  suspension  system. 

The  Vigilante  gun  carriage  is  designed  to  be  towed  by  a  tracked  vehicle. 
Two  methods  of  towing  are  provided,  the  full  trail  and  the  semitrail.  In  the 
full  trail  position  all  three  wheels  of  the  gun  carriage  ride  on  the  ground 
and  towing  is  accomplished  by  means  of  a  drawbar.  In  the  semitrail  position 
the  dolly  or  front  wheel  of  the  gun  carriage  rests  on  the  rear  platform  of 
the  towing  vehicle  and  only  the  two  rear  wheels  of  the  gun  carriage  ride  on 
the  ground.  Since  the  semitrail  position  is  used  at  higher  velocities,  it 
will  produce  the  greatest  accelerations  and  consequently  this  method  of 
towing  was  investigated. 


GENERAL  CHARACTERISTICS  OF  THE  SUSPENSION  SYSTEM 

Some  general  characteristics  of  the  suspension  system  may  be  obtained 
from  an  examination  of  the  equation  of  motion  of  the  system.  The  equation 
of  motion  for  the  Vigilante  gun  carriage  towed  in  the  semitrail  position 
is  developed  in  Appendix  A  and  shown  below. 
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L^g  cos  /3  +  M]^g  [Lg  cos  (yS,  S^^t)  +  Lj,  cos  yS] 
+  M]_  La 


d2f  d.2f 

^  (ASot)  sin  fd  (ASot)  -  - ^  (A.Sot)  cos  (ASot) 


dt2  "  "  "  dt2 

g  cos  (ASot)]  -  K  [(/3  -  A  ♦  ^o  -  (ASot)] 

La  cos{f4.  (ASot)  -  fi  (ASot)}  +  cos  {f4(ASot)  -  yS> 


Lg  cos  {f4.  (A'Sot)  -  fi  (ASot)} 


-2Mi  Li  2^  (1) 


- 


.2f, 


— -  (,5, Sot)  {La  sin  fi  (ASot)  +  Lg  sin  jS) 


dt^ 


2f 

+  (ASot)  {La  cos  fi  (ASot)  +  Lg  cos  /3} 

dt2 

The  solution  of  Equation  1  is  of  the  form 

/S=gl(Sot).  (2) 

The  force,  Fn,  applied  at  the  wheel,  is  a  function  of  j3  and  Sot  accord¬ 
ing  to  Equation  6A.  of  Appendix  A  and  can  be  expressed  in  the  following  form: 


Fa  =  f  (ASot). 


(3) 


Since  ,6  is  a  function  of  Sot  from  Equation  2,  the  force  Fn  can  be 
expressed  as  a  function  of  Sot  only: 

Fn  =  62  (So^)-  (4) 

The  force  F^  is  not  restricted  by  the  equation  of  motion  and  can  assume 
positive  or  negative  values.  When  the  force  F^  assumes  negative  values, 
according  to  Equation  1,  the  equation  of  constraint  will  not  hold-  and 
Equation  1  will  become  invalid  since  the  ground  cannot  apply  a  negative, 
downward  force.  Under  these  circumstances  the  wheel  will  fail  to  follow 
the  ground  profile  and  jump  will  occur.  The  lowest  velocity,  Sg,  at  which 
jump  occurs  will  be  determined  experimentally. 

The.  effectiveness  of  any  suspension  system  is  determined  by  the  ampli¬ 
fication  factor  at  the  operating  speed.  If  the  operating  speed  is  below 
the  resonant  speed,  no  reduction  of  the  applied  force  or  acceleration  is 
possible.  Also,  if  the  operating  speed  is  well  below  the  resonant  speed 
for  a  certain  range  of  spring  constant  values,  a  change  in  the  spring  con¬ 
stant  value  within  that  range  may  produce  negligible  change  in  the  response 
of  the  system.  In  this  investigation,  a  number  of  values  of  spring  con¬ 
stants  will  be  tested  to  determine  their  effect. 
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TEST  SETUP 


A  quarter-scale  model  of  the  Vigilante  gun  carriage,  Figure  1,  was 
constructed  to  study  the  dynamic  behavior  of  the  suspension  system.  Design 
of  the  model  is  discussed  in  the  section  entitled  "Model  Analysis".  The 
rear  wheel  of  the  model  was  supported  by  a  cam  with  a  sine  wave  profile, 
Figure  2.  This  cam  was  used  to  simulate  uneven  cross-country  terrain. 

The  minimum  permissible  curvature  of  the  cam  was  determined  by  the 
radius  of  the  model  wheel.  If  rolling  without  impact  was  to  be  avoided, 
the  minimum  radius  of  curvature  of  the  cam  must  equal  the  radius  of  the 
model  wheel.  This  condition  would  correspond  to  extremely  severe  cross¬ 
country  travel  for  the  prototype.  Since  this  represented  a  limiting  con¬ 
dition,  and  a  more  representative  condition  was  desired,  the  minimum  radius 
of  curvature  was  arbitrarily  set  at  approximately  twice  the  radius  of 
curvature  of  the  model  wheel.  The  amplitude,  Aq,  and  the  wave  length  X.  of 
the  cam  profile  chosen  were  Aq  =  1  inch  and  A  =  26.7  inches. 

Angular  displacement  of  the  model,  see  Figure  2,  occurs  as  a  result  of 
horizontal  displacement  of  the  model  or  the  cam.  The  magnitude  of  the 
angular  displacement  is  proportional  to  the  relative  horizontal  displace¬ 
ment  between  model  and  cam..  In  this  instance  it  was  found  more  convenient 
to  displace  the  cam  and  restrain  the  model  in  the  horizontal  direction. 

The  model  was  thus  restrained  from  horizontal  displacement  by  a  pin  joint 
at  point  3,  Figure  2.  The  velocity  of  the  cam  under  these  circumstances 
corresponded  to  the  velocity  of  the  model  moving  over  a  fixed  ground 
profile. 

The  cam  was  formed  about  a  ring  wheel  as  shown  in  Figure  3.  The  cam 
and  ring  wheel  were  supported  by  a  frame  and  driven  by  a  variable  speed 
motor  as  shown  in  the  same  figure. 


INSTRUMENTATION 

An  accelerometer  of  the  resistance  bridge  type  was  mounted  on  the  model 
as  shown  in  Figure  2.  The  amplified  output  signal  of  the  accelerometer  was 
used  to  drive  the  horizontal  plates  of  an  oscilloscope.  Signal  calibration 
was  obtained  by  applying  a  known  acceleration  of  one  g  to  the  accelerometer. 
The  vertical  amplifier  of  the  scope  was  not  used.  Instead,  the  signal  was 
recorded  on  film  by  means  of  a  continuous  motion  camera.  In  this  arrange¬ 
ment  the  film  was  advanced  at  a  constant  speed  of  5.07  ips  past  the  lens, 
and  the  film  length  was  used  as  the  time  axis.  The  film  speed  was  cali¬ 
brated  before  and  after  each  test. 


MODEL  ANALYSIS 

The  relations  between  corresponding  model  and  prototype  quantities  can 
be  derived  from  their  dimensions  provided  that  the  ratio  between  three 
corresponding  model  and  prototype  quantities  with  independent  dimensions  are 


known.  Three  quantities  with  independent  dimensions  frequently  used  are 
mass  (Tb-sec2/in) ,  length  (in),  and  time  (sec).  The  relations  beween  the 
three  quantities  chosen  are  completely  arbitrary,  but  once  established,  the 
ratio  between  all  other  corresponding  model  and  prototype  quantities  is 
fixed.  In  this  investigation,  the  ratio  between  mass,  acceleration  (ips^), 
and  time  for  model  and  prototype,  was  chosen  arbitrarily  as  indicated  below. 
The  subscripts  m  and  p  denote  model  and  prototype  quantities,  respectively, 
and  k  represents  the  scale  factor. 

^  Mp 

Sm  ”  Sp 

f  —  1  f 

i7k  P 

In  a  true  model,  all  quantities  are  reduced  to  the  proper  scale.  A 
simpler  model,  called  an  adequate  model,  can  be  obtained  when  only  certain 
quantities  are  of  interest.  In  an  adequate  model,  only  those  quantities 
which  affect  the  magnitude  of  the  desired  quantities  must  be  reduced  to 
scale.  In  this  investigation  the  acceleration  of  the  undercarriage  was  to 
be  determined  and  for  this  purpose  an  adequate  model  was  considered  satis¬ 
factory.  These  model  quantities  which  affected  the  magnitude  of  the 
acceleration  were  determined  from  the  equation  of  motion  for  the  Vigilante 
gun  carriage.  Equation  llA  derived  in  Appendix  A.  The  relations  between 
these  quantities  are  given  in  Table  I.  Also  given  in  Table  I  are  the  actual 
values  of  model  and  prototype  quantities  used  in  the  design  of  the  model. 

Since  the  width  dimension  did  not  appear  in  the  equation  of  motion. 
Equation  llA,  it  was  reduced  to  a  more  convenient  scale  in  the  model. 

Also,  in  the  derivation  of  Equation  llA,  the  rear  wheels  of  the  gun  carriage 
were  assumed  to  experience  equal  displacements.  Since  these  displacements 
were  assumed  equal,  only  one  wheel  was  necessary  in  the  model. 


PREDICTION  EQUATION 

_  Solution  of  the  equation  of  motion.  Equation  llA,  for  the  acceleration 
^  ,  or  more  particularly,  can  be  obtained  from  a  model  for  those 

particular  values  of  the  parameters  2  Lj^,  So>  Aq  and  K  tested. 

Extension  of  the  test  results  to  other  values  of  the  parameters,  however, 
is  quite  difficult  by  use  of  Equation  llA.  To  facilitate  extension  of 
test  results  to  other  values  of  the  parameters  K  and  S^/k,  a  prediction 
equation  will  be  developed. 

The  acceleration  Lq/S  can  be  expressed  as  a  function  of  those  variables 
and  parameters  which  affect  its  magnitude  as  follows: 
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TABLE  I 


MODEL  AND  PROTOTYPE  QUANTITIES 


Quantity 

Scale  Factor 

Model 

Prototype 

Mass 

M,/Mp  =  1/k® 

Weight 

W,/Wp  =  1/k^ 

232.14  lb 

14,675  lb* 

Length 

L./Lp  =  1/k 

L  “  52.7  in. 

=  210-3/4  in. 

P 

=  33  in. 

»  132  in. 

P 

Inertia 

I./Ip  =  1/k* 

820.3  lb-in-.ec2 

630,965  Ib-in-sec^ 

Gravity 

g,/9p  =  1 

386.4  ip*^ 

386.4  ip.^ 

Wave  Length 

\/X.p  =  l/k 

26.7  in. 

106.8  in. 

Wave  Anplitude 

A,/Ap  >  l/k 

1  in. 

4  in. 

Spring  Conetant 

VKp  »  l/k* 

See  Table  II 

Tiae 

t,/tp  .  lA/k 

Linear 

Acceleration 

”  1 

See  Table  III 

Linear 

Velocity 

See  Table  III 

Angular 

Acceleration 

KA  •  k 

Angular 

Velocity 

Angle 

‘Excluding  dolly  weight 
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1  .  , 


(5) 


By  use  of  dimensional  analysis,  Equation  5  can  be  reduced  to  the 
following  form: 


Since  the  design  of  the  prototype  has  been  established,  no  variation 
of  the  parameters  Mj^  or  Li  is  contemplated  and  these  parameters  may  be 
treated  as  constants  and  included  in  the  coefficient  term.  The  accelera- 

t! 

tion  Lq/S  can  then  be  expressed  in  terms  of  the  remaining  variables  and 
parameters  as  follows: 


Lo/3 


Ci/Ao\  ^ 

bfj  V-f 


3/q2\'"4, 
X2 


K 


(7) 


The  term  / ^o^  \  i^  Equation  7  above  can  be  expanded  in  series  form 
illows;  '  X.  ■' 


as  follows: 


arr 


J  =  n 

E 

j  ='i 

A  Fourier  Series  expansion  fori 


jw 


E  (A-i.  sin  IL  S^t  ♦  B-i-  cos  —  S^t 


C 

Snt\  2 


(8) 


was  chosen  in  this  instance 


since  the  solutions  for  L^/S,  Figure  4',  obtained,  from  the  model  indicate  that 


the  acceleration  Lq/3  is  periodic  and  thus 


ft" 


must  be  periodic.  Further 


examination  of  the  solutions  for  indicate  that  it  has  a  fundamental 
Sn 

frequency  of  and  contains  certain  other  higher  frequencies  associated 
with  the  natural  frequency  of  the  suspension  system.  Since  the  higher  jorder 
frequencies  have  little  effect  on  the  magnitude  or  the  acceleration  Lq/3,  it 
can  be  expressed  in  terms  of  the  fundamental  frequency  with  little  resultant 
error.  Thus 
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In  this  investigation  only  the  maximum  acceleration  is  of  interest  and 
this  may  be  expressed  as  follows: 


(10) 


since  sin-^S^t  +  /i  cos-^Sgt]  •  Constant. 

t  I  /  t 

The  unknown  expon^^nts  of  Equation  10,  Cg,  Cg,  and  C4,  together 
with  the  coefficient  must  be  evaluated  from  the  test  results.  In  this 

investigation,  however,  only  one  value  of  Aq  and  k  were  used  and  therefore 
the  exponents  and  Cg  were  not  determined.  This  does  not  constitute  a 
serious  limitation,  however,  since  the  acceleration  produced  by  different 
spring  constants  and  different  speeds  can  still  be  compared  at  the  same 
value  of  Aq  and  A.  The  ratio  of  these  accelerations  at  different  values 
of  Aq  and  X  does  not  change  and  thus  the  optimum  spring  constant  can  still 
be  determined.  For  constant  values  of  Aq  and  X,  the  acceleration  can  be 
expressed  as  follows: 


^  q2 

^oAnax  ”  ^  .  (ll) 

0  0 

,,,  The  value  of  the  exponents  Cg  and  C4.  and  the  value  of  the  coefficient 
were  determined  from  the  test  results  as  follows: 


(^o^ax)^ol  \ 

(^o4n  ax  )So2  VS  02/ 


K  »  constant 


(12) 


(^o4nax)%  ,  (So)%  ^  ^ ^ 

(^o4nax)^2  (So)^2  \%/  . 

where  and  Kg  represent  particular  values  of  K  and 

q'"  ^  ^o^ax  (14) 

CL  f 
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The  final  ^  form  of  the  prediction  equation,  including  the  values  for 
Ca  t  C3,  and  C4  determined  as  outlined  above  was 

^oAnax  ”  •  ^  ips^  .  (15) 

K*  10 

It  should  be  emphasized  that  Equation  15  is  strictly  valid  only  for  a 
ground  profile  in  the  form  of  a  sine  wave  and  for  the  particular  values  of 
amplitude  and  wave  length  tested. 


TESTS  AND  TEST  PROCEDURE 

A  series  of  four  tests  were  conducted  with  the  model  using  different 
value  of  spring  constant  for  each  test.  The  value  of  the  spring  constants 
used  are  shown  in  Table  II.  In  each  test  the  speed  of  the  cam  was  in¬ 
creased  until  jump  occurred.  The  acceleration  L^jB  as  measured  by  the  ac¬ 
celerometer  was  recorded  on  film.  Traces  of  the  acceleration  signal  are 
shown  in  Figure  4. 


TABLE  II 


Test  No. 

K  (in-lb/rad) 

1 

3,388 

2 

4-,  790 

3 

10,000 

4' 

36,000 

COMPUTATIONS  AND  TEST  RESULTS 

The  accelerations  Lp/3  were  read  directly  from  the  film  traces.  In  all 
traces  5  lines  represent  a  one  g  acceleration.  The  velocity  of  the  cam  Sq 
was  determined  as  follows: 


where  f  “  frequency  of  oscillation,  cyc/sec 
Sq  »  speed  of  cam,  ips 
\  ■  wave  length  of  ground  profile,  in. 

V  ■=  velocity  of  film,  ips 

L^  =  wave  length  of  trace  on  film,  in. 
The  test  results  are  shown  in  Table  III. 
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TABLE  III 


MODEL  TEST  RESULTS 


K 

( in-lb/rad) 

"it” 

Lf 

Un.) 

■  r 

(mph) 

■  Comments 

+  .8 

-.  7 

1.  61 

4.  78 

3,290 

+  .95 

-.85 

1,48 

5.20 

Jump  Velocity 

+  1.0 

-.85 

1.43 

5.38 

4,790 

+  .95 

-.85 

1.41 

5.4 

Jump  Velocity 

10,000 

+  .95 
+  1.0 

-.75 

-.85 

5.  28 
5.86 

Jump  Velocity  , 

35,000 

+  .95 

-.85 

im 

6.42 

Jump  Velocity 

X  =  26.  7  -in. ,  Aq  ■  1  in. 


CONCLUSIONS 

1.  The  maximum  acceleration,  is  approximately  one  g  for  the 

range  of  spring  constant  values  tested  and  increases  slightly  as  the  spring 
constant  K  is  increased. 

2.  The  velocity  at  which  jump  occurs  is  approximately  5  mph  for  the 
conditions  tested  and  increases  slightly  as  K  is  increased. 

3.  The  optimum  value  of  K  as  determined  in  this  investigation  is  the 

largest  value  of  tested.  This  is  based  on  the  fact  that  the  maximum 
accelerations  in  all  cases  tested  are  well  below  the  maximum  per¬ 

missible  acceleration  and  that  the  largest  value  of  K  produced  the  highest 
velocity  of  jump. 
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Figure  4.  ACCELERATION  TRACE 
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FIGURES  3  &  U 


APPENDIX  A 


The  equation  of  motion  for  the  Vigilante  gun  carriage,  towed  in  the 
semitrail  position,  will  be  derived  by  use  of  D'Alembert’s  Principle. 

The  gun  carriage  is  shown  in  the  semi trail  position  in  Figure  A-1. 

When  towed  in  this  manner,  the  front  wheel  of  the  gun  carriage  rests  on 
the  rear  of  the  towing  vehicle.  The  dynamics  of  the  towing  vehicle  are 
thus  associated  with  the  dynamics  of  the  Vigilante  gun  carriage.  In  this 
investigation,  however,  the  characteristics  of  the  Vigilante  suspension 
system  are  of  primary  importance  and  these  characteristics  are  independent 
of  the  type  of  forward  support.  The  rear  suspension  system  of  the  Vigilante 
gun  carriage  will  thus  be  analyzed  independently  by  assuming  that  point  3 
of  Figure  A-1  has  constant  horizontal  velocity  and  no  vertical  motion.  With 
these  assumptions,  the  equation  of  motion  of  the  Vigilante  gun  carriage  can 
be  written  by  summing  the  torques  about  point  3.  See  Figure' A-1. 

ZTg  -  L?/3  -  [x-j^  (L^  sin  sin  /3)  -  yq  (Lg  cos  77  +  Lq  cos  /3)]  •  0 

(lA) 

where 

STjj  -  2;Mq  Lqg  cos  /3  +  Mqg  (Lg  cos  r]  *  Lq  cos  /3) 

-  Fg[sin  4'  (La  V  *  1‘c  sin  /3)  +  cos  4'  (Lg  cos  V  +  Lq  cos  /3)]  (2A) 

Equation  2A  may  be  simplified  by  use  of  trigonometric  identities  as  follows: 

ZTg  -  SMq  Lqg  cos  /3  +  Mqg  (Lg  cos  77  +  Lg  cos  /S) 

-  Fg  [Lg  cos  (>/'  -  77)  +  Lc  cos  («/»  -  /3)]  (3A) 

where 

[sin  4>  (l^  sin  77  +  1^  sin  /3)  +  cos  4^  (Lg  cos  77  +1^  cos  /3)]  » cos  (>/'  -77)  +  Ig cos  ( 


The  normal  force  F  can  be  expressed  as  a  function  of  the  spring  constant 
K  and  the  angles  rj  and  /3  by  summing  the  torques  about  point  2  and  solving 
for  F^. 

2T2  -  Ml  La  (xi  sin  cos  17)  -  0  (4A.) 

where 

2T2  -  Mj^g  la  cos  7;  -  Fq  la  lA  cos  17  +  sin  !/<  sin  17)  -  K  (^  -  /^q  -  tj)  (5A.) 

thus 

Til  _  -Ml  La  (xj  sin  tj  -  yi  cos  tj  -  g  cos  17)  -  K  (^  -  +  '^o  " 

•^n - iF - 1 - } - ^ ^ - -  (6A) 

La  (cos  «/<  -  Tj) 

Substitution  of  Equations  2A  and  6A  into  Equation  lA  yields 
2Mi  L^g  cos  /3  +  Mig  (La  cos  17  ♦  Lg  cos  /9)  + 

%  ^  (^1  sin  TJ  -  yi  cos  tj  -  g  cos  T7)-K  -  /^q  cos  (lA  -  t?)  +  Lg  cos  (A  -  /3)] 

La  (cos  yp  -  T)) 

-2%  L?  /S  -  %  [xi  (la  sin  TJ  +  Lq  sinyS)  +  yi  (la  cos  tj  +  Lg  cos  /3)]  »  0  (7A) 

The  displacements  xi  and  yi  and  the  angle  tj  are  functions  of  /3  and  Sgt 
Equations  4B  to  6B,  Appendix  B,  when  the  conditions  of  constraint  are 


maintained. 

Thus 

*1  -  1,  h  (A  s„.) 

(8A) 

(9A) 

The  angle  p  is  formed  by  the  tangent  to  the  ground  profile  at 
and  the  horizontal  plane,  thus. 

the  point  Xi 

tan  A  ■ 

dxi 

(lOA) 
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When  Equations  8A  and  9A  above  and  Equations  4B  to  6B,  Appendix  B,  are 
substituted  into  Equation  7A  above,  the  equation  of  motion  takes  the 
following  form: 


dt^ 


g  cos  f^  (/3,  Sot) 


+  1%  La  (A  Sot)  sin  f^  (A  Sot) 

-  K  (^  -  ^o  *  ■^o  ■  h  (A  Sot)  I  X 

J  ’ 

{^4  (A  Sot)  -  f^^  (A  Sot)}  +  Lq  cos  {f^  (A  ^0^ ^ ]^2  S 
La  cos  {f4,  (A  Sot)  -  f^  (A  Sot)}  '  ^  ^ 

"  2  f*  2  f* 

(A  Sot)  {La  sin  f^  (A  Sot)  +  Lq  sin  /?}  +  (A  Sot)  x 

.dt2  dt2 


[La  cos 


{Lg^  cos  fi  (A  Sot)  +  Lc  cos  aJ 


-  0 
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APPENDIX  B 


The  Vigilante  gun  carriage  as  shown  in  Figure  A-1  has  three  degrees  of 
freedom  77,  /3  and  SQt.  If  no  constraint  is  imposed  on  the  wheel,  it  will, 
under  certain  operating  conditions,  lose  contact  with  the  ground  profile 
and  jump  with  subsequent  impact  will  result.'  Under  different,  less  severe 
operating  conditions,  the  wheel  will  maintain  contact  with  the  ground 
profile  and  for  these  conditions  certain  relations  exist  between  the 
variables  tj,  /3,  and  Sgt.  In  the  theoretical  analysis  presented  here,  it 
will  be  assumed  that  the  less  severe  operating  conditions  apply  and  that 
the  wheel  maintains  contact  with  the  ground  profile.  It  will  also  be 
assumed  that  the  center  of  the  wheel,  point  1,  Figure  A-1,  has  the  same 
displacement  as  the  actual  point  of  contact,  point  4,  Figure  2. 

The  relations  between  the  variables  77,  ,3,  and  SQt  for  the  condition  of 
constraint  assumed  above  may  be  developed  from  the  relations  shown  in 
Figure  A-1. 


Lg^  (cos  77q  -  cos  77)  +  Lq  (cos  /3q  -  cos  /3)  »  X]^  -  S^^t 

(IB) 

Lg^  (sin  77q  -  sin  77)  +  Lq  (sin  /Sq  -  sin  ji)  -  y^ 

(2B) 

yi  .  Aq 

(3B) 

Equations  IB  to  3B  above  contain  five  variables  X]^,  y]_,  77,^,  and  S^t, 
thus  only  two  of  the  variables  are  .independent  and  the  remaining  three 
variables  are  functions  of  the  two  independent  variables.  If  /0  and  Sgt 
are  chosen  as  the  independent  variables,  the  remaining  three  variables 
may  be  expressed  as  follows: 

77  -  fl  (^,  Sgt) 

(4B) 

xi-fg  (/3,  Sgt) 

(5B) 

Fl  -  fs  (A  Sgt) 

(6B) 

The  above  equations  4B  to  6B  are  the  equations  of  constraint  for  the 
conditions  specified. 
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